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ABSTRACT 


The  necessary  conditions  for  a  dust  explosion  to  occur  are  well-expressed  by  the  explosion  pentagon:  (i)  fuel,  (ii) 
oxidant,  (iii)  ignition  source,  (iv)  mixing  of  the  fuel  and  oxidant,  and  (v)  confinement  of  the  resulting  mixture.  While 
it  might  seem  relatively  straightforward  to  prevent  or  mitigate  a  dust  explosion  by  simply  removing  one  of  the 
pentagon  elements,  the  field  of  dust  explosion  risk  reduction  is  more  complex.  Building  upon  previous  work  by  the 
author  and  other  dust  explosion  researchers,  the  theme  of  the  current  paper  is  that  this  complexity  is  partially  rooted 
in  several  erroneous  beliefs.  These  beliefs  ignore  the  realities  found  with  full  consideration  of  appropriate  scientific 
and  engineering  principles.  Several  such  myths  and  their  factual  counterparts  are  presented  with  an  illustrative 
example. 
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1.  Introduction 

There  is  a  problem,  the  nature  of  which  is  not  well-understood, 
in  communicating  the  results  of  dust  explosion  testing  and 
research  to  stakeholders  in  industry,  government  and  the  pub¬ 
lic.  In  a  recent  article  on  dust  explosions,  the  current  author 
was  quoted  as  follows:  When  I  hear  aboutyet  another  dust  explo¬ 
sion,  I  hang  my  head.  When  someone  who  has  been  in  the  industry 
for  a  certain  number  of  years  says  that  they  didn't  know  sugar  or 
flour  or  aluminum  could  explode  because  they’d  never  seen  it  hap¬ 
pen  before  -  that’s  just  wrong  (Kenter,  2009).  The  answer  to  this 
problem  is  neither  as  trivial  nor  as  obvious  as  it  may  seem. 

This  plenary  paper  is  an  attempt  to  at  least  partially 
address  the  imbalance  that  exists  between  the  worlds  of  the 
dust  explosion  specialist  and  the  non-specialist.  It  is  based 
(with  relevant  excerpts)  on  an  earlier  presentation  and  paper 
(Amyotte,  2010)  as  well  as  a  more  extensive  overview  of  the 
subject  (Amyotte,  2013).  The  premise  of  the  treatment  here  is 
that  dust  explosions  continue  to  occur,  in  part,  because  of  a 
belief  in  various  myths  that  lack  a  foundation  in  appropriate 
elements  of  the  natural,  management  and  social  sciences  and 


engineering  principles  associated  with  dust  explosion  hazard 
identification  and  risk  reduction. 

1.1.  Explosion  pentagon 

In  reality,  the  explosion  pentagon  (Fig.  1)  provides  ample  infor¬ 
mation  about  dust  causation  -  and,  therefore,  dust  explosion 
prevention  and  mitigation.  In  short,  when  the  requirements  of 
the  pentagon  are  satisfied,  the  risk  of  a  dust  explosion  arises. 
These  requirements  include  the  familiar  need  for  a  fuel,  an 
oxidant  and  an  ignition  source,  augmented  by  mixing  of  the 
fuel  and  oxidant,  as  well  as  confinement  of  the  resulting  mix¬ 
ture.  The  first  of  these  additional  components  illustrates  a  key 
difference  between  dust  and  gas  explosions  -  a  solid  rather 
than  a  gaseous  fuel.  In  a  dust/air  mixture,  the  dust  particles 
are  strongly  influenced  by  gravity;  an  essential  prerequisite  for 
a  dust  explosion  is  therefore  the  formation  of  a  dust/oxidant 
suspension.  Once  combustion  of  this  mixture  occurs,  confine¬ 
ment  (partial  or  complete)  permits  an  overpressure  to  develop, 
thus  enabling  a  fast-burning  flame  to  transition  to  a  dust 
explosion. 
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Myth 

Reality 

Dust  does  not  explode  [Fuel] 

Many  of  the  dusts  handled  in  industry  are  combustible  and  therefore  present  an  explosion  hazard.  To  conclude  that  a  given  material  is  non-explosible  requires 
incontrovertible  evidence. 

Dust  explosions  only  happen  in 
coal  mines  and  grain  elevators 
[Fuel] 

A  lot  of  dust  is  needed  to  have  an 
explosion  [Fuel] 

Gas  explosions  are  much  worse 
than  dust  explosions  [Fuel] 

Dust  explosions  occur  in  a  wide  range  of  industries  and  industrial  applications  involving  numerous  and  varied  products  such  as  coal,  grain,  paper,  foodstuffs,  metals, 
rubber,  pharmaceuticals,  plastics,  textiles,  etc. 

Combustible  dust  clouds  can  be  generated  from  layers  of  dust  deposited  on  surfaces  in  thicknesses  on  the  scale  of  a  mm  or  less. 

Both  gas  and  dust  explosions  have  the  potential  to  cause  loss  of  life,  personal  injury,  property  damage,  business  interruption,  and  environmental  degradation.  The 
likelihood  of  occurrence  and  severity  of  consequences  for  a  given  fuel/air  explosion,  as  well  as  appropriate  prevention  and  mitigation  measures,  are  most  effectively 
determined  by  a  thorough  assessment  of  the  specific  material  hazards  and  process  conditions. 

It’s  up  to  the  testing  lab  to  specify 
which  particle  size  to  test  [Fuel] 

Any  amount  of  suppressant  is 
better  than  none  [Fuel/Ignition 

Source] 

Dusts  only  ignite  with  a 
high-energy  ignition  source 
[Ignition  Source] 

Only  dust  clouds  -  not  dust  layers 
-  will  ignite  [Ignition  Source] 

Oxygen  removal  must  be  complete 
to  be  effective  [Oxidant] 

Taking  away  the  oxygen  makes 
things  safe  [Oxidant] 

There’s  no  problem  if  dust  is  not 
visible  in  the  air  [Mixing] 

Selection  of  a  dust  sample  for  explosibility  testing  requires  close  collaboration  between  the  test  facility  and  plant  personnel.  A  key  selection  consideration  is  the  particle 
size  distribution  of  the  sample  to  be  tested;  the  test  facility  alone  cannot  specify  this  material  property. 

Effective  suppression  of  a  dust  explosion  requires  that  sufficient  inert  dust  be  admixed  with  the  fuel  dust.  Amounts  of  suppressant  less  than  that  required  for  complete 
suppression  can  lead  to  higher  explosion  pressures  than  for  the  case  of  the  fuel  dust  alone  (i.e.,  no  added  suppressant). 

Energetic  ignition  sources  on  the  order  of  several  thousand  Joules  are  routinely  used  in  closed-vessel  dust  explosibility  testing  to  overcome  ignitability  limitations 
imposed  by  the  harsh  test  conditions.  There  is  clear  evidence  that  some  dusts  will  ignite  at  spark  energies  less  than  1  mj  under  conditions  of  lower  turbulence  intensity. 

Dust  layers  pose  a  unique  hazard  that  is  different  from  that  presented  by  dust  clouds.  Dust  layers  themselves  do  not  explode.  They  can,  however,  ignite  due  to 
self-heating  or  hot  surfaces  and  smolder  or  cause  flaming  combustion. 

For  a  given  dust,  there  are  volume  percentages  of  oxygen  (less  than  the  typical  21  vol%  in  air)  for  which  an  explosion  will  not  be  possible.  The  highest  of  these 
concentrations  is  known  as  the  limiting  oxygen  concentration  or  LOC. 

While  it  is  true  that  some  alternatives  are  safer  than  others,  nothing  is  safe.  Further,  an  attempt  to  remove  one  hazard  can  in  fact  introduce  another.  For  example, 
replacement  of  oxygen  with  nitrogen  can  eliminate  a  dust  explosion  hazard  while  at  the  same  time  introducing  an  asphyxiation  hazard. 

Absence  of  airborne  dust  in  work  areas  does  not  indicate  the  absence  of  a  dust  explosion  hazard.  Explosible  dust  clouds  are  optically  thick;  thus  dust  explosions  occur 
as  primary  events  inside  process  units  (i.e.,  where  people  are  not  normally  present).  Secondary  explosions  caused  by  initially  layered  dust  in  work  areas  can,  however, 
cause  significant  loss. 

Once  airborne,  a  dust  will  quickly 
settle  out  of  suspension  [Mixing] 

There  are  a  number  of  factors  that  have  an  influence  on  the  ease  of  dispersion  of  a  dust  and  the  tendency  of  the  particulate  matter  to  remain  airborne  once  a  dust  cloud 
has  been  formed.  These  include  particle  size,  shape  and  specific  surface  area,  dust  density  and  moisture  content,  and  agglomeration  processes  both  pre-  and 
post-dispersion. 

Mixing  is  mixing;  there  are  no 
degrees  [Mixing] 

Venting  is  the  only/best  solution  to 
the  dust  explosion  problem 
[Confinement] 

Total  confinement  is  required  to 
have  an  explosion  [Confinement] 
Confinement  means  four  walls,  a 
roof  and  a  floor  [Confinement] 

The  vocabulary  of  dust  explosions 
is  difficult  to  understand 
[Pentagon] 

The  role  of  variable  turbulence  in  determining  the  state  of  mixedness  of  a  dust  cloud  is  a  dominant  concern  in  understanding  dust  explosion  likelihood  and  severity. 

Dust  explosion  prevention  and  mitigation  are  most  effectively  accomplished  by  a  hierarchical  consideration  of  the  various  measures  available  -  ranging,  in  decreasing 
order  of  effectiveness,  from  inherently  safer  design,  to  engineered  safety  (passive  and  active),  to  procedural  safety.  Explosion  relief  venting  is  a  passive  engineered 
approach  to  explosion  mitigation. 

The  degree  of  confinement  that  will  enable  pressure  buildup  need  not  be  complete.  Partial  confinement  can  occur  as  a  facility  design  feature  or  can  result  from  the 
actual  process  of  explosion  relief  venting. 

Congestion  in  a  workplace  as  well  as  the  presence  of  turbulence-generating  obstacles  can  facilitate  flame  acceleration  and  subsequent  overpressure  development.  It  is 
also  possible  to  create  a  degree  of  confinement  unintentionally  by  means  of  temporary  structures. 

Dust  explosion  terminology,  as  used  to  describe  various  parameters  such  as  maximum  explosion  pressure  and  rate  of  pressure  rise,  has  a  direct  analogy  to  that  used  for 
gas  explosions.  It  is  incumbent  on  the  management  of  an  industrial  facility  to  ensure  that  its  workforce  is  familiar  with  this  terminology  from  a  process  safety 
perspective  and  to  the  extent  needed  for  hazard  awareness  in  relation  to  specific  job  functions. 
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Dust  explosion  parameters  are  Dust  explosion  parameters  such  as  the  volume-normalized  maximum  rate  of  pressure  rise,  Kst,  are  strongly  dependent  on  material  characteristics  such  as  particle  size 
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Fig.  1  -  The  explosion  pentagon. 


1.2.  Myths  and  realities 

A  set  of  20  dust  explosion  myths  and  realities  has  been  devel¬ 
oped  as  shown  in  Table  1.  This  compilation  is  largely  personal, 
and  is  drawn  from  the  current  author’s  research  activities 
and  experience  in  providing  dust  explosibility  test  results  to 
industry.  Further  details  on  all  entries  in  Table  1  are  given  by 
Amyotte  (2013). 

2.  Illustrative  myth:  Dust  explosions  only 

happen  in  coal  mines  and  grain  elevators 

Here  we  examine  the  belief  that  dust  explosions  occur  only  - 
or  primarily -in  coal  mines  and  grain  elevators  (i.e.,  the  second 
myth  in  Table  1).  Let  us  begin  with  a  look  back  in  history. 

One  of  the  first  recorded  accounts  of  a  dust  explosion 
was  written  in  1795  by  Count  Morozzo,  who  gave  a  detailed 
description  of  an  explosion  in  a  flour  warehouse  in  Turin, 
Italy  (Eckhoff,  2003).  Although  the  explosion  pentagon  was  not 
known  as  a  causal  framework  at  the  time,  it  is  interesting  to 
note  the  pentagon  elements  in  the  following  passage  from  the 
Count’s  report  (Morozzo,  1795): 

The  boy,  who  was  employed,  in  the  lower  chamber,  in  collecting 
flour  to  supply  the  bolter  below,  dug  about  the  sides  of  the  open¬ 
ing,  in  order  to  make  the  flour  fall  from  the  upper  chamber  into 
that  in  which  he  was;  and,  as  he  was  digging,  rather  deeply,  a 
sudden  fall  of  a  great  quantity  took  place,  followed  by  a  thick 
cloud,  which  immediately  caught  fire,  from  the  lamp  hanging  to 
the  wall,  and  caused  the  violent  explosion  here  treated  of. 

Fifty  years  later  in  1845,  Michael  Faraday  and  a  co-worker 
elucidated  the  key  role  of  coal  dust  in  the  devastating  explo¬ 
sion  in  the  Haswell  (U.K.)  coal  mine  the  previous  year  (Eckhoff, 
2009).  The  significance  of  this  finding  lies  in  the  fact  that 
coal  dust  had  now  been  shown  to  explode  in  the  absence 
of  firedamp  (beyond  the  gas  accumulation  typically  required 
for  the  initial  ignition  sequence).  Prior  to  this  observation, 
firedamp  (methane)  had  been  believed  to  be  solely  responsible 
for  all  such  mine  explosions. 

To  this  day,  dust  explosions  are  often  thought  of  as  events 
that  occur  predominantly  in  underground  coal  mines  and 
industrial  grain  processing  facilities.  This  perception  is  accen¬ 
tuated  by  mine  explosions  throughout  the  world  (especially, 
it  seems,  in  China  -  whether  they  involve  coal  dust  or  not), 
as  well  as  incidents  such  as  the  1998  DeBruce  grain  elevator 
explosion  in  the  United  States  (Kauffman,  2008). 

2.1.  Cyclical  interest  in  an  ever-present  problem 

Interest  in  the  dust  explosion  problem  is  cyclical.  At  an  inter¬ 
national  specialist  meeting  held  in  Montreal,  Canada  in  1981, 
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Fig.  2  -  Polyethylene  dust  explosion  -  West  Pharmaceutical 
Services,  Kinston,  NC  (CSB,  2004). 


Fig.  4  -  Aluminum  dust  explosion  -  Hayes  Lemmerz 
International,  Huntington,  IN  (CSB,  2005b). 


Professor  Bill  Kauffman  of  the  University  of  Michigan  com¬ 
mented  (Kauffman,  1982): 

There  seems  to  be  little  disagreement  that  the  genesis  for  the 
revival  of  interest  in  agricultural  dust  explosions  uias  the  series  of 
explosions  which  occurred  during  the  Christmas  Season  of  1977 
in  four  U.S.  grain  elevators. 

It  can  similarly  be  argued  that  the  current  impetus  for 
renewed  concern  about  dust  explosions  (at  least  in  North 
America)  is  a  series  of  high-profile  incidents  that  occurred  in 
the  United  States  over  the  previous  decade  and  were  the  sub¬ 
ject  of  investigation  by  the  U.S.  Chemical  Safety  Board  (CSB). 
None  of  these  incidents  involved  coal  dust  or  grain  dust,  but 
rather  polyethylene  (Fig.  2;  CSB,  2004),  phenolic  resin  (Fig.  3; 
CSB,  2005a),  aluminum  (Fig.  4;  CSB,  2005b),  and  sugar  (Fig.  5; 
CSB,  2009).  The  most  unfortunate  and  devastating  aspect  of 
these  and  other  industrial  dust  explosions  (CSB,  2006)  is  that 
they  have  all  caused  significant  loss  of  life  and  injury. 

Just  as  the  dust  explosion  problem  is  not  limited  to  coal  or 
grain  dust,  neither  is  it  limited  to  those  materials  involved  in 
the  incidents  shown  in  Figs.  2-5. 

2.2.  Magnitude  of  the  problem 

Frank  (2004)  further  illustrates  the  wide  scope  of  the  dust 
explosion  problem  by  using  incident  data  reported  by  the  U.S. 
CSB  and  FM  Global  to  show  that  dust  explosions  have  occurred, 
for  example,  in  the  following  industries  with  the  indicated 
typical  commodities:  (i)  wood  and  paper  products  (dusts  from 


sawing,  cutting,  grinding,  etc.),  (ii)  grain  and  foodstuffs  (grain 
dust,  flour),  (iii)  metal  and  metal  products  (metal  dusts),  (iv) 
power  generation  (pulverized  coal,  peat  and  wood),  (v)  rubber, 
(vi)  chemical  process  industry  (acetate  flake,  pharmaceut¬ 
icals,  dyes,  pesticides),  (vii)  plastic/polymer  production  and 
processing,  (viii)  mining  (coal,  sulphide  ores,  sulphur),  and  (ix) 
textile  manufacturing  (linen  flax,  cotton,  wool). 

Dust  explosion  incident  data  are  given  for  the  United 
States  in  the  previously  referenced  study  on  combustible  dust 
hazards  conducted  by  the  CSB  (CSB,  2006).  The  CSB  researched 
the  period  1980-2005  and  identified  281  major  combustible 
dust  incidents  resulting  in  119  fatalities,  718  injuries  and  sig¬ 
nificant  facility  damage  (CSB,  2006).  Material  categories  used 
in  the  analysis  were:  (i)  food,  (ii)  wood,  (iii)  metal,  (iv)  plastic,  (v) 
coal,  (vi)  inorganic,  and  (vii)  other  (CSB,  2006).  Industry  classifi¬ 
cations  were:  (i)  food  products,  (ii)  lumber  and  wood  products, 
(iii)  chemical  manufacturing,  (iv)  primary  metal  industries, 
(v)  rubber  and  plastic  products,  (vi)  electric  services,  (vii)  fab¬ 
ricated  metal  products,  (viii)  equipment  manufacturing,  (ix) 
furniture  and  fixtures,  and  (x)  other  (CSB,  2006). 

Further  illustrative  case  histories  and  statistical  data  for 
dust  explosion  occurrence  can  be  found  in  a  number  of 
archival  resources.  Examples  include  Abbasi  and  Abbasi 
(2007),  Amyotte  and  Eckhoff  (2010),  and  Eckhoff  (2003). 

2.3.  Reality 

Dust  explosions  do  not  only  occur  in  coal  mines  and  grain  ele¬ 
vators.  They  can  arise  in  any  scenario  in  which  combustible 


Fig.  3  -  Phenolic  resin  dust  explosion  -  CTA  Acoustics, 
Corbin,  KY  (CSB,  2005a). 


Fig.  5  -  Sugar  dust  explosion  -  Imperial  Sugar  Company, 
Port  Wentworth,  GA  (CSB,  2009). 
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dusts  are  stored,  transported,  processed  or  otherwise  handled. 
It  is  not  only  coal  dust  and  grain  dust  that  should  be  of  con¬ 
cern  to  managers,  operators  and  other  workers  in  an  industrial 
facility  handling  bulk  powders.  Loss  of  life  and  injury,  damage 
to  facility  assets,  business  interruption,  and  harm  to  the  nat¬ 
ural  environment  can  result  from  dust  explosions  in  a  wide 
range  of  industrial  applications. 

3.  Regulations,  codes  and  standards 

To  combat  the  myths  presented  in  Table  1,  it  is  essential  that 
researchers,  test  facility  managers,  and  practitioners  under¬ 
stand  the  need  for  adherence  to  government  regulations  as 
well  as  industry-consensus  codes  and  standards.  This  means 
being  knowledgeable  about  the  organizations  that  develop 
such  documents  as  well  as  the  requirements  for  their  effective 
implementation. 

One  of  the  first  steps  on  the  path  to  dust  explosion  risk 
reduction  is  identification  of  the  nature  of  the  combustible 
dust  hazard  itself.  This  typically  involves  explosion  testing  for 
parameters  such  as  the  maximum  explosion  pressure  (Pmax) 
and  volume-normalized  maximum  rate  of  pressure  rise  (Kst). 
Standardized  test  methods  must  be  employed  for  such  pur¬ 
poses;  the  methods  most  familiar  to  the  current  author  are 
those  developed  by  ASTM  International  such  as  ASTM  E1226- 
12a  (ASTM,  2012).  Testing  standards  for  dust  explosibility 
parameters  also  exist  in  other  parts  of  the  world  (European, 
Asian  and  other  international  standards)  (Amyotte,  2013). 

Similarly,  there  are  numerous  codes  and  standards  avail¬ 
able  for  implementation  of  dust  explosion  prevention  and 
mitigation  measures  including  housekeeping,  venting,  auto¬ 
matic  suppression,  and  the  like.  Examples  include  National 
Fire  Protection  Association  (U.S.)  documents  such  as  NFPA  68 
(NFPA,  2013a)  and  NFPA  654  (NFPA,  2013b),  as  well  as  European 
(EN)  Standards  and  VDI  Guidelines  (Siwek  and  Cavallin,  2012). 

In  addition  to  standardized  protocols  for  explosion  test¬ 
ing,  prevention  and  mitigation,  it  is  of  course  necessary  to 
follow  all  applicable  regulations  in  matters  such  as  hazardous 
area  classification  and  selection  of  permissible  equipment. 
These  regulations  are  typically  regional  in  nature,  with  the 
geographic  extent  of  the  region  being  a  function  largely  of 
mutual  agreements.  The  Health  and  Safety  Executive  or  HSE 
(U.K.)  web  site  (HSE,  2014)  gives  a  good  overview  of  two  Euro¬ 
pean  Directives  for  controlling  explosive  atmospheres  -  ATEX 
95  (ATEX  Equipment  Directive)  and  ATEX  137  (ATEX  Workplace 
Directive). 

This  brief  discussion  of  regulations,  codes  and  standards 
is  not  intended  to  provide  a  comprehensive  review  of  these 
issues  on  a  global  scale.  Rather,  the  intent  has  been  more 
modest:  (i)  to  demonstrate  that  dust  explosion  hazard  iden¬ 
tification  and  risk  reduction  efforts  must  follow  standardized 
procedures  to  be  effective,  and  (ii)  to  indicate  that  the  use 
of  non-standardized  procedures  in  these  matters  simply  per¬ 
petuates  the  myths  given  in  Table  1  (e.g.,  the  myth  that  dust 
explosion  parameters  are  fundamental  material  properties). 

4.  Dust  explosion  research  needs 

In  reviewing  the  recent  dust  explosion  literature  for  the  book 
An  Introduction  to  Dust  Explosions.  Understanding  the  Myths  and 
Realities  0 if  Dust  Explosions  for  a  Safer  Workplace  (Amyotte,  2013), 
several  new  and  existing  research  areas  exhibiting  knowledge 
gaps  were  identified.  This  section  briefly  addresses  three  of 


these  areas  related  to  different  fuel  systems;  the  objective  is 
to  demonstrate  how  further  research  is  needed  to  again  com¬ 
bat  the  myths  presented  in  Table  1.  Other  research  topics  are 
equally  important  and  likewise  merit  concerted  effort;  one 
such  example  is  the  adoption  and  promotion  of  a  quantita¬ 
tive  risk-based  approach  to  dealing  with  the  dust  explosion 
problem  (see,  for  example,  Abuswer  et  al.,  2013a, b;  Davis  et  al., 
2011;  Hassan  et  al.,  2014,  in  press;  Paltrinieri  et  al.,  2013;  van 
der  Voort  et  al.,  2007;  Zhi  et  al.,  2013). 

4.1.  Hybrid  mixtures 

Hybrid  mixtures  consist  of  a  flammable  gas  and  a  combustible 
dust,  each  of  which  may  be  present  in  an  amount  less  than  its 
respective  lower  flammability  limit  (LFL)/minimum  explosible 
concentration  (MEC),  and  still  give  rise  to  an  explosible  mix¬ 
ture  (Amyotte  and  Eckhoff,  2010).  The  concern  with  hybrid 
mixtures  is  often,  though  not  always,  focused  on  admixture 
of  a  flammable  gas  in  concentrations  below  the  LFL  of  the  gas 
itself  to  an  already  explosible  concentration  of  dust.  Amyotte 
and  Eckhoff  (2010)  note  that  the  influence  of  the  co-presence  of 
a  flammable  gas  on  the  explosibility  parameters  of  a  fuel  dust 
alone  is  well-established.  These  effects  include  higher  values 
of  explosion  overpressure  and  rate  of  pressure  rise,  and  lower 
values  of  minimum  explosible  concentration  and  minimum 
ignition  energy. 

There  remains,  however,  a  need  for  continued  research  on 
hybrid  mixtures  (Worsfold  et  ah,  2012).  This  is  due  in  part  to 
the  range  and  diversity  of  industrial  applications  that  can  give 
rise  to  hybrid  fuel  systems  as  seen  in  recent  studies  (Amyotte 
et  ah,  2010;  Dufaud  et  ah,  2008,  2009;  Garcia-Agreda  et  ah,  2011; 
Glor,  2010;  Perry  et  ah,  2009;  Pilao  et  ah,  2006a, b;  Sanchirico 
et  ah,  2011). 

In  this  regard,  Hossain  et  ah  (2014)  have  noted  the  work 
of  Garcia-Agreda  et  ah  (2011)  and  Sanchirico  et  ah  (2011). 
These  authors  employed  an  interesting  graphical  approach 
to  represent  four  regimes  of  flammable  gas/combustible  dust 
mixtures  dependent  on  whether  the  gas  concentration  is 
below  or  above  the  LFL,  and  whether  the  dust  concentration 
is  below  or  above  the  MEC.  Amyotte  (2013)  referenced  these 
studies  (Garcia-Agreda  et  ah,  2011;  Sanchirico  et  ah,  2011)  in 
an  attempt  to  refute  the  myth  that  gas  explosions  are  much  worse 
than  dust  explosions  (Table  1). 

4.2.  Nano-size  dusts 

In  addressing  the  myths  dusts  ignite  only  with  a  high-energy  igni¬ 
tion  source,  taking  away  the  oxygen  makes  things  safe,  and  once 
airborne,  a  dust  will  quickly  settle  out  of  suspension  (Table  1), 
Amyotte  (2013)  commented  on  an  emerging  area  of  dust  explo¬ 
sion  research  involving  nano-size  powders.  While  nano-dust 
explosion  research  is  indeed  attracting  increasing  interest 
from  industry,  government  and  academia,  there  is  at  present 
a  limited  amount  of  experimental  data  in  this  field.  Recent 
efforts  in  this  regard  include  the  studies  conducted  by  Boilard 
et  ah  (2013),  Bouillard  et  ah  (2010),  Dastidar  et  ah  (2013), 
Holbrow  (2009),  Mittal  (2014),  Vignes  et  ah  (2012),  Wu  et  ah 
(2009),  and  Wu  et  ah  (2010). 

The  results  to  date  seem  to  indicate  that  explosion  sever¬ 
ity  is  not  significantly  different  at  the  nano-scale  than  at 
the  micron-scale;  however,  the  likelihood  of  an  explosion 
increases  significantly  as  the  particle  size  decreases  into  the 
nano-range  (Amyotte,  2013).  Agglomeration  processes  leading 
to  rapid  coagulation  of  particles  in  a  dust  cloud  are  thought  to 
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be  at  least  partially  responsible  for  these  phenomena  (Eckhoff, 
2012;  Henry  et  al.,  2013). 

The  field  of  nano-dust  explosibility  thus  requires  further 
investigation  from  fundamental,  experimental  and  modeling 
perspectives.  It  seems  we  do  not  understand  the  impact  on 
dust  explosibility  of  particle  size  reduction  into  the  nanometer 
range  because  we  do  not  know  whether  explosions  of  these 
materials  are  actually  occurring  in  clouds  of  primary  nm-size 
particles,  or  whether  such  clouds  can  be  generated  in  indus¬ 
trial  processes  (Amyotte,  2013). 

4.3.  Low  Kst  dusts 

The  myth  dust  explosion  parameters  are  fundamental  material 
properties  (Table  1)  arises  in  large  part  because  of  the  empiri¬ 
cal  determination  of  the  aforementioned  volume-normalized 
maximum  rate  of  pressure  rise,  or  Kst-  This  parameter  is  used 
to  design  explosion  relief  vents  and  automatic  suppression 
systems.  Standardized  Kst  measurements  (typically  in  20-L 
and  1-m3  chambers)  are  especially  important  as  industry  turns 
to  enhanced  protection  schemes  such  as  flameless  venting 
(Holbrow,  2013). 

The  use  of  energetic  ignition  sources  in  laboratory-scale 
(e.g.,  20-L)  test  chambers  has  been  shown  to  cause  precondi¬ 
tioning  of  the  combustion  volume  in  terms  of  increases  in  fluid 
pressure  and  temperature  as  well  as  alteration  to  particle  tem¬ 
perature  and  concentration  prior  to  actual  flame  propagation 
(Cloney  et  ah,  2013).  Although  overdriving  has  long  been  a  rec¬ 
ognized  factor  in  dust  explosion  testing  (Proust  et  al.,  2007), 
explosibility  parameters  (e.g.,  Kst)  determined  using  a  20-L 
chamber  generally  compare  favorably  with  those  measured  in 
a  1-m3  chamber  when  both  vessels  are  operated  under  stan¬ 
dardized  test  conditions. 

A  notable  exception  is  what  have  been  termed  marginally 
explosible  dusts;  these  are  materials  with  low  Kst  values  of  the 
order  of  50  bar  m/s  as  determined  in  a  20-L  volume.  The  con¬ 
cern  here  is  the  occurrence  of  false  positives  whereby  such 
dusts  would  not  explode  in  the  larger  1-m3  volume,  their 
apparent  explosibility  at  the  scale  of  20  L  being  due  solely  to 
overdriving.  To  complicate  matters  further,  Bucher  et  al.  (2012) 
provide  empirical  evidence  that  while  not  all  low  Kst  (20-L) 
dusts  explode  in  a  1-m3  chamber,  some  -  especially  metals  - 
can  actually  yield  higher  values  of  explosion  pressure  and  rate 
of  pressure  rise  in  the  larger  test  volume. 

As  noted  by  Amyotte  (2013),  the  issue  of  overdriving  effects 
on  marginally  explosible  dusts  is  important  and  needs  to  be 
resolved.  There  is  a  clear  call  from  industry  for  cost-effective 
risk  reduction  measures  appropriate  for  the  actual  degree  of 
hazard.  There  are  also  clear  incentives  for  test  facility  oper¬ 
ators  (20-L  and/or  1-m3)  as  they  strive  to  provide  reliable, 
unambiguous  data  to  their  clients. 

5.  Concluding  remarks 

Twenty  myths  that  play  a  key  role  in  the  occurrence  of 
dust  explosions  have  been  identified.  As  previously  men¬ 
tioned,  the  listing  presented  here  is  drawn  from  the  current 
author’s  experience;  other  researchers  and  practitioners 
would  undoubtedly  have  their  own  examples  to  contribute. 
For  example,  one  of  the  anonymous  reviewers  of  this 
manuscript  identified  two  additional  myths  that  in  his  or  her 
experience  can  have  disastrous  consequences:  (i)  a  belief  that 
safely  operating  below  the  minimum  explosible  concentration 


of  a  dust  is  possible  in  a  manner  equivalent  to  operating  below 
the  lower  flammability  limit  of  a  gas,  and  (ii)  a  belief  that  all 
dust  explosions  propagate  by  the  same  reaction  mechanism, 
with  no  accounting  for  the  possibilities  of  homogeneous  com¬ 
bustion  of  released  volatiles  or  heterogeneous  combustion  of 
solid  particles. 

Communication  of  the  realities  of  dust  explosions  must 
therefore  be  an  ever-present  concern.  In  these  communica¬ 
tion  efforts  it  is  vital  that  we  draw  on  the  teachings  afforded 
us  by  the  natural,  management  and  social  sciences,  as  well  as 
the  fundamental  principles  of  applied  science.  Adherence  to 
relevant  regulations,  codes  and  standards,  as  well  as  targeted 
research  efforts,  are  also  needed  on  an  ongoing  basis. 

Engineering  is  often  about  choosing  the  best  solution  from 
a  number  of  good  alternatives.  There  will  thus  always  be  a  need 
for  interpretation  and  opinion  when  it  comes  to  engineering 
practice  involving  dust  explosion  prevention  and  mitigation. 
The  choices  made  will  be  more  amenable  to  implementation 
when  they  flow  from  a  basis  in  fact  (Amyotte,  2013). 
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